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FOREWORD

The work reported herein was done for the Air Force Systems
Command (AFSC), under Program Element §1440514, Project 8951,

Task 895105.

The results of research which are presented in this report were
obtained by ARQO, Inc. (a subsidiary of Sverdrup & Parcel and
Associates, Inec.), contract operator of the Arnold Engineering Develop-
ment Center (AEDC}, AFSC, Arnold Air Force Station, Tennessee,
under Contract AF 40(600)-1200. The research was conducted from
October 18, 1963, to September 30, 1965, under ARO Project No. PL2419,
and the report was submitted by the authors on September 26, 1966.

Some of the information reported herein was presented at the 2nd
International Congress on Instrumentation in Aerospace Simulation
Facilities, August 29-31, 1966, held at Stanford University.

This work was funded partially by NASA under Project Super. These
funds were used to extend the work beyond 50, 000 v. A 350, 000-v
electron gun has been built, but test results using this gun are incomplete.
Only the work at 50, 000 v is reported here.

This technical report has been reviewed and is approved.

Fred W. Alles Edward R. Feicht
1/Lt, USAF Colonel, USAF
Research Division Director of Plans and Technology

Directorate of Plans and Technology
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FOREWORD

The work reported herein was done for the Air Force Systems
Command (AFSC), under Program Element 61440514, Project 8951,
Task 895103.

The results of research which are presented in this report were
obtained by ARO, Inc. (a subsidiary of Sverdrup & Parcel and
Associates, Inc.), contract operator of the Arnold Engineering Develop-
ment Center (AEDC), AFSC, Arnold Air Force Station, Tennessee,
under Contract AF 40(600)-1200. The research was conducted from
October 18, 1963, to September 30, 1965, under ARO Project No. P1.2419,
and the report was submitted by the authors on September 26, 1966.

Some of the information reported herein was presented at the 2nd
International Congress on Instrumentation in Aerospace Simulation
Facilities, August 29-31, 1966, held at Stanford University.

This work was funded partially by NASA under Project Super,
Project 9514/951405. These funds were used to extend the work
beyond 50, 000 v. A 350, 000-v electron gun has been built, but test
results using this gun are incomplete. Only the work at 50,000 v
is reported here,

This technical report has been reviewed and is approved.

Edward R. Feicht Leonard T. Glaser
Colonel, USAF Colonel, USAF
AF Representative, PWT Director of Test

Directorate of Test
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ABSTRACT

It is theoretically possible to infer the density of a gas from the
rate at which particles are scattered out of a beam of subatomic
particles which is passed through the gas. This technique offers the
possibility of a probeless density measurement which is independent
of the state of the gas. Previous research verified that this technique
could be implemented using a gamma ray beam, but that the best
spatial resolution and measuring time which could be achieved were
inadequate to allow the technique to be applied to a low density test
facility. In the research reported herein, the technique was applied
using a 50, 000-v electron beam. It was found that excellent spatial
resolution and measuring time could be achieved at densities as low
as 6 x 1078 gm/cmB. Density profiles were measured in a low density
wind tunnel with a nozzle exit diameter of 18 in. and an open jet test
section. A spatial resolution of about 1 cm was achieved, and measure-
ments required 10 sec per point. This measuring time can probably be
reduced by several orders of magnitude 1f necessary. The densities
measured were repeatable within 1 percent. Accuracy, spatial resolu-
tion, and measuring time are found to be interrelated. The constraint
on the combination is discussed in detail. The design of equipment is
discussed.

iii
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NOMENCLATURE

Units: cgs units are used with two exceptions:

pressure is measured in torr, or microns
of mercury, and electrical quantities are
measured in practical units.

Atomic weight, atomic mass units

Spatial resolution along the beam, cm

Impact parameter, cm

Collimator dimension, cm (see Fig. 34a)

Number of electrons counted in time T

Average counting rate, electrons/sec

Collimater dimension, c¢m (see Fig. 34a)

Distance from sensitive volume to collimator entrance, c¢m

Standard deviation of the variate, C

Collimator dimension, c¢m (see Fig. 34a)

Expected {(average) value of the variate, C

Rest energy of an electron, 510, 984 ev

Charge of an electron, 1,60207 x 10~ 19 coulomb

A function defined by Eq. (5)

Collimator dimension, c¢cm (see Fig. 34a)

A function defined by Eq. (6)

Collimator dimension, cm (see Fig. 34a)

A function defined by Eq. (4)

Beam current, amp

A constant, 12. 362

Beam length between gun and sensitive volume, cm
Avogadro's number, 6.02472 x 1023 particles/gm mole
Atomic number density, atom/cm?
A parameter defined by Eq. (9), cm

Q of a lens collimator, cm

ix
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Q of a slit collimator of optimum design, em

rms beam radius, c¢m

Classical radius of an electron, 2.81784 x 10°13 cm
Cross-sectional area of electron beam, cm?

Lens area, cm?

Measuring time, sec

Detector diameter, cm

Beam voltage, v

Width of detector which is visible, cm

Thickness of scattering medium, cm

Distance from axis of collimator, cm

Atomic number

Number of atoms of type i in molecule of type j
Ratio of speed of a particle to speed of light
Fraction by volume of molecules of type j in a mixture
Dimensionless beam radius, rpf#

Dimensionless spatial resolution, a/D

Fractional statistical accuracy

Scattering angle, radians

Average number of atoms per molecule in a mixture
Mass density of a gas, gm/cm3

Scattering cross section per atom, em?

Differential scattering cross section per atom,
do/dS, cm?

Solid angle subtended by detector, steradians



AEDC-TR-66-212

SECTION |
INTRODUCTION

In 1961 Dr. John B. Dicks, acting as a consultant to ARO, Inc.,
investigated the possibility of applying the methods of the physics
laboratory toward solving some of the measurement problems which
were plaguing the aerospace field. His suggestions were presented
in a report which was circulated within the Arnocld Engineering
Development Center. One of his proposals was that the density of
a gas at a point could be inferred from measurements of the scatter-
ing of subatomic particles in the gas. The possibility is obviously
attractive; first, because the gas flow need not be disturbed by
material probes, and second, because the method is applicable to
high enthalpy flows wherein the use of probes may be impossible.

The principle of measurement is indicated in Fig. 1. A beam of
particles traverses the gas flow. The type and energy of the particles
are chosen so that very nearly the entire beam reaches the collector
without suffering collisions with gas molecules. All along the beam,
however, such collisions occasionally occur, and the colliding particle
is scattered out of the beam in a random direction. If a particle de-
tector is fitted with a collimator so that it views a portion of the beam,
it will intercept a fixed fraction of the particles which are scattered
within this portion of the beam, the fracticn being determined by the
size and position of the detector. Since the probability that a colli-
sion will occur is proportional to the number of molecules exposed to
the beam, the rate at which particles are detected is proportional to
the gas density. The measurement is made in the volume defined by
the intersection of the beam and the field of view of the detector.

The type and energy of the particles can be chosen to fit the cir-
cumstances; i.e., the density and composition of the gas, the physical
size of the apparatus, the time available for measurement, and so
forth. The choice is influenced by the following considerations:

1. The scattering cross section must be high enough so that a
sufficient number of particles will be detected in the time
available, and yet low enough so that the beam intensity will
not vary appreciably between source and collector.

2. The particles must be easily detected.

3. It must be possible to collimate the particles into a well de-
fined beam.
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4. The particles must be available in sufficient numbers from a
source which is convenient in terms of size, weight, cost,
and safety hazard.

5. The source must in most cases produce particles of a well
defined energy.

The initial work on this concept of measurement was done using
gamma rays (photons) from a radioactive source (cesium 137) and is
described in Ref. 1. Measurements were made in the flame of a pro-
pane torch which agreed with conventional aerodynamic measurements,
and the counting rates observed were found to be in agreement with the
assumed scattering mechanism, Compton scattering. Compton scat-
tering is the process wherein phetons are scattered out of a beam by
collisions with atomic electrons. However, the source was found to be
inconvenient to handle because of the safety hazard involved and the
heavy lead shielding which was necessary. It was also extremely in-
efficient. Photons are emitted in all directions, and those which are
emitted in the desired direction represent a minute fraction of the total.
Furthermore, these particles were difficult to collimate, since they
penetrate a half-inch of lead, the best shielding material available,
Long measuring times were necessary (several minutes), and the pros-
pects for reducing the required time were not bright, In retrospect,
it appears that the method might be used with gamma rays at high
densities (atmospheric and above) in applications requiring only modest
spatial resolution.

In order to apply this method to an aerospace test facility, it was
necessary to obtain significant improvements in spatial resolution and
measurement time over those which could be achieved with gamma
rays. These improvements were achieved by using electrons with
50-kev energy as the probing particle. Since the electrons carry a
charge, it is possible to focus them in the desired direction, so that a
smaller, far more intense beam can be obtained than is available from
a gamma ray source. This intense beam, coupled with a scattering
cross section which is several orders of magnitude larger than the
cross section for gamma scattering, results in shorter measuring
times at much lower densities than can be achieved with gamma rays.
The safety hazard is reduced, because the electrons are much less
penetrating than gamma rays and because the electron gun emits elec-
trons only when actually in use. The electron beam does generate
X-rays, however, and personnel radiation monitoring and some shield-
ing must be used. It is a problem which has been easy to handle, but
it is one which must be dealt with.
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Electron beams have been used in the past for density measure-
ments. In several instances, the attenuation of the beam in traversing
the gas has been calibrated in terms of density (Refs. 2, 3, and 4).

This technique suffers from several theoretical objections and also has
one severe operational disadvantage: The density measured is a func-
tion of the gas density along the entire length of the beam, and if density
gradients are present, the measurement is difficult to interpret.

The beam has also been used to induce fluorescence in the gas.
Over a range of densities, the light output per unit length of beam 1s
proportional to density. A photocell and collimator can be arranged
to view a small portion of the beam and thus tc make a point density
measurement. This technique has been successfully applied in wind
tunnels several times (Refs. 5, 6, and 7). The method fails at den-
sities high enough so that excited molecules lose energy by processes
other than radiaticn (e. g., collisions with other molecules). On the
low density end, the method fails when sufficient light is no longer
available from the beam or when background radiation becomes a
problem. It presently appears that the scattering technique can be
applied at both higher and lower densities than the fluorescence technique.

It is also possible to analyze the light from the beam spectrescopi-
cally. This technique offers exciting possibilities for determining the
exact state of a nonequilibrium gas and perhaps even its velocity (Refs. 8§,
9, and 10).

The possibility of using electron scattering for density measurements
has been discussed (Refs. 11 and 12), and the method has been success-
fully applied in at least one instance to a shock tunnel (Ref. 13). In this
application, individual electrons were not detected, but only the cumu-
lative effect of many electrons striking the detector. The ultimate capa-
bilities of the method for spatial resclution were not utilized, but the
short measuring time capability was. Measurements were made in several
microseconds.

An adequate theory to account for electron scattering has been avail-
able for many years: The deviation of the electron from its initial straight
path is caused by the coulomb attraction between the electron and the
positively charged atomic nucleus. This process is known as Rutherferd
scattering. The work reported here was not undertaken in order to learn
anything basic about particle physics, and it came as no surprise that the
Rutherford theory satisfactorily accounted for the detected counting rates.
The work was done, on the other hand, to determine whether the mundane
problems cof generating the beam and detecting the scattered electrons
could be sclved, and to gain experience in these areas.
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Most of the effort which went into this project was spent in these
areas: First, generating a well focused beam (which must be done at
a pressure on the order of 1079 torr Hg) and injecting it into the test
gas, which is at a pressure of 1 to 1000 # Hg; Second, detecting the
scattered electrons in the presence of amplifier noise, and verifying
that they arrive with the correct numbers and energies; Third, meas-
uring the effect of various parameters on beam spreading; that is,
determining what spatial resolution can be achieved; and Fourth, apply-
ing the method tc a low density wind tunnel.

SECTION It
THEORY OF RUTHERFORD SCATTERING

2.1 COLLISIONS OF ELECTRONS WITH ATOMS

When a beam electron encounters an atom of the scattering medium,
the interaction between the two is described as a collision. Since the
De Broglie wavelength of the beam electron is small {of the order of

5 x 1010 ¢m) compared to the dimensions of an atom, the beam electron
does not see the atom as a single particle but as a collection of inidividual
electrons and a nucleus.

In a collision between the beam electron and an atomic electron, the
atomic electron can acquire considerable energy, so that the atom is
left excited or ionized. Such collisions are termed inelastic. In such a
collision, the beam electron loses some of its energy, but because of
its very large initial momentum, the change in its direction is very small
(Ref. 14). When the atom returns to the ground state (or recombines with
an electron) following the collision, the excess energy is radiated. This
process is responsible for the fluorescence produced by the beam. The
rate of energy loss from the beam is plotted in Fig. 2 (which is a plot of
Eq. (8.3), page 63, Ref. 14). As Fig. 2 shows, the energy loss in the
density and voltage range of interest is insignificant.

When a beam electron collides with an atomic nucleus, it loses very
little energy since the nucleus is four orders of magnitude heavier than
the electron, and thus is essentially immovable. Such collisions are
termed elastic. If the electron passes some distance from the nucleus,
its exact path is difficult to determine because it is influenced both by
the nuclear field and by the field of the electron shell. If it is to be de-
flected through a significant angle, however, it must pass well within
the electron shell, where it is completely exposed to the intense field of
the bare nucleus. Since the radius of the orbit of the innermost elecirons
of the light elements is about 10"9 c¢m, whereas the nuclear radius is
about 5 x 10713 ¢m, it is evident that there is a vast region within the
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atom wherein the effect of the electron shell on the beam electron is
insignificant, The path of the electron in this region is determined
solely by the coulomb attraction of the nucleus. This force has the
same form as the gravitational attraction between bodies (the force

is inversly proportional to the square of the distance), and the electron
thus follows the same path as an orbiting astronomical body. In this
case, the electron has too much energy to remain bound to the nucleus
in a closed orbit, and its path is thus a hyperbola.

2.2 COLLISION CROSS SECTION OF A SINGLE ATOM

By solving for the path of the electron, one may determine the
angle through which the electron is deflected (Ref. 15),

g B* b
COt 2— = Z . T (1)

The parameter B expresses the speed of the electron, which is a
function only of beam voltage, and is given by

NI N)

The parameter b, which is known as the "impact parameter, ' is the
distance by which the electron would miss the nucleus if it were not
deflected {see Fig. 3). Equation (1) cannot be used directly because

it is obviously not possible to determine b for each collision. In place
of Eq. (1), it is more convenient to have an expression for the effective
cross-sectional area of the nucleus, ¢. The cross section is defined as
the area presented by each atom through which an incident electron must
pass if it is to enter a given detector. If a very small detector is used,
which intercepts electrons scattered through an angle 8 and which sub-
tends a solid angle d€2, then the cross section presented by each atom is
(Ref. 15)

B o O (3)
2

The physical significance of do is shown in Fig. 4.

Equation (3) was derived using classical mechanics and requires
two corrections. First, since the velocity of the beam electrons
approaches the speed of light, a correction must be made for the in-
crease of mass of the electron. This necessitates multiplying Eq. (3}
by (1 - B2). Second, at high velocities and large angles, the electron
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approaches the nucleus quite closely and a quantum mechanical correc-
tion for the spin of the electron must be made (Ref. 16). This necessi-
tates multiplying Eq. (3) by the factor H(B, 8, Z), where

H(B,0,2) =1~ o’ Lvnp o2 (1-sin &) (sin ) (4)
If functions F (B) and G () are now defined
Fp - =5 (5)
B
G = 1 5
sln'i (6)

2

Equation (3} {with corrections) may then be expressed as
2
®(8,0,2) - S = (=) 7 FB) GO H(B,6,D (7

In order to facilitate the calculation of cross sections, the functions
F(B) and G (8) are tabulated in Tables I and II and are plotted in Figs. 5
and 6. The function H(B, 6, Z) is plotted in Fig. 7 for hydrogen, air,
and argon {(atomic numbers of 1, 7.3, and 18). Finally, cross sections
for a number of gases have been tabulated in Table III. The manner
in which the figures for air were obtained is given in Section 2, 4.

2.3 COUNTING RATE AT THE DETECTOR

Equation (7) describes the effect of a single atom on a single
electron. It is easy to determine the effect of many atoms upon the
beam, provided that multiple scattering can be neglected. That is,
the probability that an electron will reach the detector by a single large
angle scattering must be much larger than the probability that it will
reach the detector by many small angle scatterings. This condition is
probably met in this case. Multiple scattering is also accompanied by
spreading of the beam (Ref. 17), and it is likely that beam spreading
would obviate the measurement at densities so high that multiple scatter-
ing became a problem.

Assuming that single scattering prevails, let an electron beam of
cross-sectional area Sy traverse a slab of scattering medium of thick-
ness x. The volume of scattering medium exposed to the beam is then

Sp X, and this volume will contain —TA P . Sp x atoms. Since each atom

presents an area do to the beam, the total area presented by these atoms
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N

is TA p. Spx.d. 8 The probability that an electron traversing the

medium will enter the detector is equal to the fraction of the beam aresa

thus covered, ——-Aé p® 2 x. The rate at which electrons will be de-

tected is equal to this probability multiplied by the number of electrons
per second in the beam,

Na

m|-—'

C =

In most cases, the solid angle subtended by the detector will be a
function of position along the beam. In this case, the product 2x in

Eq. (8) must be replaced by S ©Q(x)dx, and the counting rate is given by

c=:)—'\[—: p®Q (9
where Q=7 0(x) &

Geometry enters this expression through ¢ and Q; beam voltage and
current enter through ¢ and I; gas composition enters through A and o;
density enters directly as p; and the remaining factors are constants.

Since p is the atomic number density in the gas, it is possible

to calibrate this instrument either in terms of number density, n, or of
mass density, p. If the gas composition were fixed, this would be a
matter of choice. However, @ is nearly proportional to Zz, so that if
the calibration is made in terms of number density, sensitivity will vary
as Z2. On the other hand, if the calibration is made in terms of mass

density, sensitivity varies as = and is less strongly influenced by

changes in gas composition.
2.4 COUNTING RATE WHEN SEVERAL TYPES OF ATOMS ARE INVOLVED

Equation (9) is applicable if the gas contains a single type of atom
only, but cannot be used directly if the gas molecules are composed of
several types of atoms, or if the gas is a mixture of several types of
molecules (e. g., air). In this case, each type of atom scatters elec-
trons into the detector as if it alone were present.

Equation (9) may be used even in the case of a mixture, if appro-
priate definitions are adopted for an average atomic weight, A,ye, and
an average cross section, ®,.., as follows. We may define the com-
-position of the molecules present by a parameter o;;, where 045 is the
number of atoms of type i contained in molecule type j. The mixture
composition may similarly be defined by the parameter Bj, where BJ- is
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the fraction by volume of molecules of type j in the mixture. We also

define v = E Bj ajjs the average number of atoms per molecule (averaged
1]

over all types of molecules in the mixture). Then

1
Qave = v ]E B] a,) @,

—

and (10)

Aave = o ?] Bj a;j A;

It is also convenient to define an average atomic number, Z,y,, and an
average function, Hyye» So that Eq. (7) can be used directly to calculate
®5ve- These are

and R (11)

The cross sections given in Table III and the function H{(B, 8, Z)
plotted in Fig. 7 were calculated assuming the following composition for
air:

Component Fraction by Volume
Ng 0.7808
Oq 0. 2095
A 0.0093
COg 0.0003
0.9989

This composition results in

v

1. 9208 atoms per molecule

Aave = 14. 5487 atomic mass units

7.3105

H

Zave

Since large angle scattering requires that the beam electron pene-
trate deep within the electron shell of the atom, close to the nucleus,
it is reasonable to suppose that the path of the electron will be inde-
pendent of the state of the electron shell. The detected counting rate
should then depend only upon the gas density and should not be affected
by excitation, ionization, or dissociation of the gas. This is a very
attractive possibility. It has not been possible to test it experimentally,
however, because of the difficulty of producing a volume of ionized or
dissociated gas of known density.
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SECTICN 1l
THE ELECTRON SOURCE

This measurement technigue requires the use of an electron beam
of roughly the same voltage and current as are used in some television
tubes. These guns are available commercially and are complete with
lenses so the user need not be concerned with the problems of electron
optics. There are, however, other problems which are met in using
these guns, such as providing high voltage insulation, injecting the beam
into the relatively high pressure test gas, and supplying the several
electrode voltages to the gun. Two electron gun assemblies have been
built and used during the course of this work. Since some difficulty was
experienced with them, their design and the problems encountered will
be discussed. Both electron guns were operated at 50 kv, primarily be-
cause this appeared to be about the lowest voltage at which electrons
could be reliably detected. The gun used! was manufactured as a re-
placement part for a Type TINP4 TV projection tube, which is rated at
80 kv. Figure 8 is a photograph of one of these guns.

3.1 GENERAL DESIGN CONSIDERATIONS

Twoe peints became clear early in the development. First, no in-
sulating material may be exposed to the beam. Invariably, it will
charge and discharge erratically because of secondary electron bom-
bardment and the beam will be deflected and defocused randomly. In
one case, random deflections were traced to an insulating deposit which
formed on an orifice when the beam decomposed pump oil vapor.

The second point is that the oxide cathode which is normally suppiied
with these guns is unsatisfactory in this application. Although it will last
for hundreds of hours in the projection tube (operating at pressures be-
low 10-7 torr), its life is at most an hour or two at pressures in the
1072 torr range, when it is exposed to water vapor and pump oil vapor.
Fortunately, the supplier was able to furnish these guns with tungsten
filaments. These filaments operate well at pressures somewhat above
10"4 torr (although focusing is poor at such a high pressure). At beam
currents of 100 pa, the guns will last 25 hr or more. Beam currents of
600 ua have been obtained for short periods. The only difficulty which
has been encountered with these guns is that the filaments are not

1The guns were supplied by the Superior Electronics Corp.,
Clifton, New Jersey, and are designated as Type TNA.
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accurately positioned as supplied. With some effort, the position of
the filament can be checked and corrected before the gun is installed.

3.2 SEAL BETWEEN GUN AND YACUUM SYSTEM

The guns are supplied with a lead-glass header through which the
leads are brought out and can be sealed to the vacuum system through
a lead glass-to-metal seal. This provides an excellent vacuum seal
but makes changing guns quite awkward, since the services of a glass
blower are required. Furthermore, the seal sometimes cracks be-
cause of the heat generated by the filament. A method of sealing the
gun which overcomes these objections is shown in Fig. 9. The header
is sealed by a semi-flexible epoxyz into a stainless steel fitting which is,
in turn, jointed to the vacuum system by an O-ring seal. Although the
epoxy joint will occasionally leak, it represents a considerable improve-
ment over a glass-to-glass seal. The epoxy joint is improved if the
gun is placed in a bell jar and pumped to a low pressure for a few
minutes before the epoxy sets up.

3.3 HIGH VOLTAGE INSULATION

Since the beam must emerge from the gun at ground potential, the
cathode must be operated at a negative potential of 50 kv. This poses
a design problem which cannot be entirely solved analytically, A con-
siderable volume of literature on high voltage breakdown is available,
but most of it is applicable only to special geometries, usually to the
case of uniform fields. Nevertheless, Refs. 18 through 21 are quite
useful.

Generally, an electron gun is designed so that the ingsulator which
supports the high voltage components alsc serves as a wall of the
vacuum enclosure. High voltage breakdown usually occurs along the
surface of this insulator. If air at atmospheric pressure is used on one
side of the insulator, breakdown usually occurs in the air., However, if
high pressure air, or a gas such as sulfur hexafluoride is used, break-
down occurs on the vacuum side of the insulator. The breakdown voltage
is very sensitive to the shape and texture of the insulator surface, and
the material of which it is made. The junction between the insulator and
the metal electrode is also critical.

2EC-2216, manufactured by 3-M Company.
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Even if the high voltage insulatoer does not break down, a small
leakage current is inevitable. This current flows along the surface
of the insulator, or through the insulating gas as a corona discharge
(the last traces of corona being very difficult to eliminate). It is
important that this current be supplied directly from the power supply
and not from one of the gun electrodes, since most of the electrodes
are supplied from a fairly high impedance source. This can be
accomplished by mounting the gun within a metal tube which is sup-
ported by the high voltage insulator and is connected electrically to
the gun cathode and to the power supply (refer to Section 3.6). Of
course, the gun electrodes must be insulated from this tube, but since
the electrode voltages (with respect to the cathode) are much smaller
than the total accelerating veltage, leakage from the electrodes is not
a serious problem.

3.4 VACUUM SYSTEM

A major consideration in designing an electron gun assembly is
that of injecting the beam into a relatively high pressure gas while
maintaining the gun volume at low pressure. This is usually accom-
plished by providing a small orifice through which the beam emerges
into the higher pressure gas. The gun housing must then be connected
to pumps large enough to maintain the desired pressure in spite of the
influx of gas through the orifice. The size of the orifice sheould of
course he as small as possible and is determined by the minimum diam-
eter to which the beam can be focused. If pumps of exorbitant size
would be required to obtain the desired pressure drop in one stage, then
the beam can be made to pass through two or more orifices in succes-
sion (Fig. 10). By pumping the gun housing and the space between each
pair of orifices, enormous pressure ratios can be obtained with small
pumps.

The design of these ''dynamic" pumping systems is discussed in
detail in Ref. 22, The procedures described in this reference have
been found tc be accurate, but the charts used in the design are in a
rather inconvenient form. In Appendix III, the design procedure is
discussed, and charts are presented in a modified form which is per-
haps more convenient to use.

3.5 POWER SUPPLY

The guns used are of the electrostatic focusing type and require,
in addition to the 50-kv anode voltage, filament, bias (Gl), accelerating
(G2), and focusing {G3) voltages. The anode voltage can be obtained
from any of a number of commercially available 50-kv, 1-ma supplies.

11



AEDC-TR-66-212

The filament voltage can be obtained from a commercially available
transformer, or one can be constructed by winding a number of turns
of RG-58-U core on a toroidal primary3. The other voltages are
more difficult since they must be supplied with respect to the cathode,
and the supplies must be insulated from ground for 50 kv. The bias
and accelerating electrodes require only a few hundred volts at very
low current and so can be obtained from batteries and can be adjusted
by potentiometers. The focus electrode must be biased about 10-kv -
positive with respect to the cathode and can be connected to a voltage
divider across the 50-kv supply. The focus voltage can be varied by
switching resistors into one leg of the voltage divider.

Any corona current which flows to the gun electrodes will alter the
electrode voltages randomly and cause the operation of the gun to be
erratic. The focus voltage is especially vulnerable because of the high
impedance of the source from which it is obtained. It is useful to
enclose all of the high voltage components within an enclosure which is
connected electrically to the cathode. Components within the enclosure
are then exposed only to the electrode voltages and not to the entire
anode voltage.

The calibration of the density measuring apparatus is sensitive to
variations in beam voltage and current (see Section 6.4). Some form
of beam voltage and current regulation would be very desirable, although
it would undoubtedly be expensive.

3.6 DESCRIPTION OF TWO ELECTRON GUN ASSEMBLIES

Two electron gun assemblies which have been designed on these
principles will now be discussed. The first gradually evolved to the
form shown in Figs. 10 and 11. It was designed to inject a beam into
gas at pressures up to 1 torr. The differential pumping system con-
sists of two stages. The low pressure stage containsg an orifice
0.060-in. diameter by 0.75 in. long; the high pressure orifice is
0.040-in. diameter by 0. 75 in. long. Both are pumped by 2-in. diffu-
sion pumps. The vacuum system performance is shown in Fig, 12,

Both an angular and a lateral adjustment must be provided in order
to align the beam with the axis of the orifices. These adjustments are

3Superior‘ Electric Company, Bristol, Connecticut, Type TP-150.

12



AEDC-TR-66-212

made by sliding O-ring seals. For the lateral adjustment, the O-ring
slides on a plane surface, whereas for the angular adjustment, it

slides on a spherical surface with the entrance to the first orifice at

the center of the sphere. In principle, these two adjustments should

be independent; actually they interact somewhat because of the flexibility
of the O-rings. The adjustment is mechanically stable, and the align-
ment is not difficult to perform. However, the necessary machine work
was expensive, and the length of exposed O-ring raises the ultimate
pressure in the vacuum system,.

High voltage insulation for the gun is provided by a cylindrical in-
sulator of Vycor® glass 3. 0-in. OD by 2. 75 in. long. According to
Refs. 20 and 22, this insulator should support well over 50 kv. How-
ever, it often flashed over on the outer surface at voltages as low as
30 kv, probably because it is exposed to 2 nonuniform field. The dif-
ficulty was remedied by surrounding it with transformer oil.

The distance from the gun to the orifice is the same as the distance
from the gun to the fluorescent screen in the TV projection tube. The
beam diameter has not been measured, but it is small enough so that
the orifices intercept legs than 1. 0 percent of the beam current. The
orifices are insulated from ground so that the current which they inter-
cept can be measured. This measurement is almost indispensible in
aligning the beam with the orifices.

The second gun assembly (shown in Figs. 13 and 14} was designed
for use in an 18-in. arc heated tunnel at pressures up to 100 4. The
vacuum system consists of a single orifice 0. 050-in. diameter by
0. 100 in. long, pumped by a 2-in. diffusion pump. The pump exhausts
to the tunnel plenum and, thus, requires no backing pump. The
system maintains a pressure of 2 x 10-4 torr in the gun when the plenum
pressure is 100 u .

The high voltage ingulator is a 4. 0-in. -diam Vycor disk. Since the
housing is mounted in the tunnel plenum, the high pressure side of the
insulator is enclosed by a cap, which is filled with sulfur hexafluoride
to atmospheric pressure. This gas has three times the dielectric
strength of air, is noncorrosive and nontoxic, and is relatively inexpen-
sive. The connections between the gun and the power supply are made
with five lengths of shielded high-voltage cable having a jacket over the
shield. Vacuum seals are made to the cable jacket where it penetrates
the cap and the tunnel plenum. Since both ends of the high voltage cable
are at atmospheric pressure, leakage of gas along the braided shield is
not a problem. RG-58/U was originally used for the high voltage cable
but was found to be unsatisfactory. Although it will support 130 kv in

13
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short tests, its life at 50 kv is only a few hours. Fortunately, a similar
cable rated at 50 kv is available although it is relatively expensive.

Since the vacuumn corifice is quite sheort, a considerable angular mis-
alignment of the beam can be tolerated, and no angular adjustment is
provided. The beam is deflected by a pair of centering coils? to pass
through the orifice. The use of an electrical adjustment simplifies the
construction of the gun and makes alignment of the beam much more
convenient.

The distance from the gun to the orifice was shortened by 6.9 in.
in this design. This has caused no difficulty in focusing the gun. The
orifice is again insulated from ground, so that intercepted current can
be measured.

The housing was initially constructed of thin-walled aluminum tubing.
However, the tubing was porous enough to interfere with the operation of
the vacuum system, and the housing was subsequently rebuilt of stainless
steel.

The same power supply is used with both of these electron gun
housings. Figure 15 is a photograph of the supply, and Fig. 16 is the
schematic diagram. The supply reached its present condition after a
process of evolution and is now in accordance with the general principles
discussed earlier in this section. A number of changes were made in
attempting to eliminate corona discharges in the supply. Halfway
methods such as the use of corona dope and the installation of makeshift
corona shields were only partially effective, and the difficulty was not
eliminated until all of the high voltage components were enclosed in the
cage seen in Fig. 15. The last traces of corona were finally eliminated
by surrounding the course focus switch (Fig. 16) with a cup of trans-
former oil. The top and bottom of the high voltage cage are made from
toroidal corona shields®. The high voltage connections to the gun are
made through an octal socket which is mounted in the center of the top
toroid. Since the focus veltage is too high to be brought through this
socket, one pin of the socket is drilled out. The core of the cable passes
through the socket and terminates in a pin jack mounted about an inch
below the socket.

4Constantine Engineering L.aboratories Company, Mahwah, New
Jersey, Type KC-403.

9 Available from Universal Voltronics Corporation, White Plains,
New York.
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The schematic diagram (Fig. 16} is self-explanatory. The surge
limiting resistor in series with the anode voltage supply is necessary
to protect the supply during flash-overs which occur occasionally. The
spark gaps similarly protect the potentiometers. The power supply
common bus is isolated, and the electron gun itself is insulated from
ground. The beam current alone flows to ground and is measured as it
returns to the common bus. Any leakage currents (except perhaps
corona within the power supply) flow directly to the common bus. This
arrangement is an aid in obtaining an accurate beam current measure-
ment,

SECTION 1Y
DETECTION OF SCATTERED ELECTRONS

Electrons which are elastically scattered in the gas will arrive at
the detector with the full beam energy. These are not the only electrons
which will enter the detector, however. Electrons which rebound from
the collector may eventually enter the detector, after being scattered
about by metal surfaces in the test section (see Section 5. 1}. These
latter electrons may be identified because they will have lost a fraction
of their initial energy in inelastic collisions, For this reason, it is
desirable that the detector have the capability of measuring the energy
of the electrons which strike it.

Electrons arrive at the detector at random time intervals, and an
estimate of the average rate of arrival will necessarily involve a
statistical error. In order to attain a probable error of 1.0 percent in
this estimate, it is necessary to collect at least 4560 electrons. (This
is discussed more fully in Section 6. 3). If measurements are to be
made in a reasonable length of time, it is thus necessary for the detector
to be able to handle hundreds or thousands of electrons per second. In
addition to these rather well defined capabilities, which the detector must
possess, it must also be 'convenient' to use and must survive exposure
to the vacuum environment.

4.1 TYPES OF DETECTORS

The most commonly used particle detectors are the Geiger-Muller
tube, the scintillation detector, and the silicon surface barrier detector.
Geiger-Muller tubes do not provide energy discrimination and are
limited to rather low counting rates, and so cannot be used in this applica-
tion. A scintillation detector with an anthracene crystal was used in some
initial experiments. Such detectors provide adequate energy resolution,
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can handle very high counting rates, and provide a relatively large
electrical output signal. However, the photomultiplier must be
shielded from magnetic fields and must see no light whatever. Fur-
thermore, the antracene crystal has a rather high vapor pressure and
is damaged by exposure to low pressures. The scintillation detector
was abandoned in favor of a silicon surface barrier detector, although
it might serve well in some applications, especially if fitted with a
plastic scintillator in place of the anthracene crystal.

The silicon surface barrier detector consists of a wafer of n-type
silicon on which a very thin p-type layer is formed by an evaporated
layer of gold (Ref. 23). When the p-n junction is reverse-biased, a
depletion layer 50 to 500 ¢ thick is formed. An incident particle
striking the detector dissipates its energy almost entirely in ionizing
silicon atoms within the depletion layer. The free electrons and holes
which result drift to the electrodes in a few nanoseconds and cause an
output current pulse. The total charge in this pulse is proportional to
the number of atoms ionized, which is proportional to the particle energy.
These detectors are very small, are unaffected by magnetic fields, and
withstand exposure to a vacuum environment. Although they are some-
what sensitive to light, they are not nearly so critical in this respect as
are scintillation detectors. Their energy resolution, which is deter-
mined primarily by noise in the subsequent electronics, is perhaps not
as good as that of a scintillation detector, but is adequate for this purpose.
A photograph of a surface barrier detector is shown in Fig. 17.

4.2 DETECTOR INSTRUMENTATION

The instrumentation which follows these detectors is shown in
Fig. 18. The preamplifier converts the extremely low level charge out-
put from the detector into a higher level voltage signal. Because the
preamplifier noise is adversely affected by capacitance across the de-
tector, the preamplifier must be mounted near the detector and connected
to it by the shortest possible cable (no more than a few inches long). The
signal from the preamplifier (about 25 mv) is transmitted to the main
amplifier by a cable of any desired length. In the main amplifier, the
signal is amplified to the 50- to 100-v range, and pulse shaping is accom-
plished. This amplifier is especially designed for good linearity and fast
recovery from overload.

The signal from the main amplifier is examined by the pulse height
analyzer, which can be used in either of two modes. In the integral
mode, the pulse height analyzer delivers an output pulse for each input
pulse which exceeds a set voltage (known as the baseline voltage). In the
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differential mode, the unit delivers an output pulse for each input pulse
which exceeds the baseline voltage by less than a set voltage (known as
the window width). The pulse height analyzer is used to determine the
amplitude distribution of the input pulses. The counter, which follows
the analyzer, measures the rate at which pulses in a given amplitude
range arrive.

4.3 EFFECT OF AMPLIFIER NOISE

The accuracy with which the number and energy of particles striking
the detector can be determined is limited primarily by the noise which
is added to the signal in the preamplifier. This noise has two effects.
First, it degrades the energy resolution of the detector by adding the in-
stantaneous value of the noise voltage to the output pulse amplitude.
Thus, even if all input pulses were of the same amplitude, the output
pulses would not be. Second, since peaks of the noise voltage cannot be
distinguished from current pulses from the detector, the noise causes
extraneous pulses to be counted by the pulse height analyzer.

Figure 19 shows a differential pulse height spectrum which illus-
trates the effect of noise. The input to the preamplifier was obtained in
this case from a pulse generator. Without the effects of the noise, all
of the output pulses would have occurred at a baseline voltage of 42 v.
The noise, however, causes the output pulse height to vary from pulse
to pulse aover a range of several volts. Since the noise has a gaussian
distribution, the output pulse amplitude spectrum does also. (The
gaussian distribution curve, which is "bell-shaped” on linear paper,
plots as a parabola on semi-logarithmic paper.} The high counting rate
at low baseline voltages is caused by the detection of peaks in the noise
voltage itself. These peaks also have a gaussian amplitude distribution
centered at zero baseline volts (Ref. 24).

Any pulse shaping which is performed ahead of the pulse height
analyzer influences the effect of the noise. By reducing the high fre-
quency response of the main amplifier, the rms noise voltage can be
reduced at the expense of increasing the pulse length. It is thus neces-
sary to compromise between good energy resolution (which requires low
noise level) and high counting rate capability {which requires fast pulse
response). The data presented in this report were taken using a dif-
ferentiation with a 1. 6 usec time constant, followed by a 1.0 usec delay
line shaper. Neither of these limits the bandwidth of the amplifier, and
it is quite possible that a considerable improvement in energy resolution
could be obtained by adding some form of low-pass filter.
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SECTION V
VERIFICATION OF THE THEORY

5.1 MEASUREMENTS IN A SMALL TEST CHAMBER

As has been mentioned, the first objective of this work was to
verify that the electrons scattered by the Rutherford process could be
detected, and that they would not be obscured by electrons from other
sources or by electronic noise. To accomplish this, the electron gun
shown in Fig. 10 was mounted on a tank 30 in. in diameter by 18 in.
high (inside dimensions). A small collector was mounted on the opposite
side of the tank, and a collimator and silicon surface barrier detector
were mounted at 90 deg to the beam axis. The general arrangement of
the equipment and the important dimensions are shown in Fig. 20. The
tank was pumped by a two-stage 15-c¢fm mechanical pump and could be
evacuated to 104 in 20 min. The ultimate pressure in the tank was about
2y¢ . The pressure in the tank was controlled by valving off the pump and
bleeding in air to the desired pressure.

Details of the detector and collimator are shown in Fig, 21. The field
of view of the detector was limited by a slit at the front of the collimator
(the slit being perpendicular to the beam axis) and by the dimensions of the
detector itself at the rear of the collimator. The collimator was aligned
so that its axis intersected the beam axis. This alignment is not critical,
however, since the detector field of view is fan-shaped. The value of Q
(Eq. {(9)) for this detector was determined graphically to be 4.1 x 10°9 c¢m.
The detector was at least partially visible over a beam length of 1.28 cm.

Using this experimental arrangement, differential energy spectra of
the scattered electrons were measured as the pressure in the tank was
raised from 10 to 1000u . These spectra showed very high counting rates
and did not have the expected peak at 50-kev energy. The counting rate in-
creased with density, though not linearly. This anomalous behavior was
found to be caused by electrons which were escaping from the collector,
rebounding at random from the walls of the tank, and eventually entering
the detector. Since these electrons had lost part of their energy, they
filled in the valley which was expected in the spectrum. The importance
of completely attenuating the beam at the collector became clear at this
point.

To eliminate these stray electrons, a larger, more efficient collector
was installed, and a baffle plate was added opposite the collimator. A
hole was cut into this baffle plate, which was slightly larger than the de-
tector field of view, so that the detector viewed only the tank wall behind
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the baffle. For a stray electron to enter the detector, it was necessary
for it to enter the hole in the baffle, then to be scattered so that it
struck the wall opposite the detector, and then to be scattered into the
detector. The cavity behind the baffle acts as a "'black body" for elec-
trons in the same manner that a cavity in a mass of gray metal radiates
heat as a black body. Finally, the entire interior of the tank and
collector and both surfaces of the baffle were coated with Aquadag6
Aquadag is nearly 100-percent carbon and produces only about one-tenth
as many fast secondary electrons as steel (Ref. 25). The baffle and the
new collector are indicated by dashed lines in Fig. 20 and are shown in
Fig. 22,

After these changes were made, the spectra of IFig. 23 were obtained,
using a 50-kev, 78-ua beam. Although there was still no peak in the
spectra, they did flatten out in the area where the peak was expected.
Furthermore, counting rates increase nearly linearly with gas density.
The apparatus was calibrated in terms of density, assuming that all elec-
trong with energy greater than 45 kev were scattered in the gas; elec-
trons with lower energy were assumed to be stray electrons. Counting
rates were measured in the integral mode at a baseline voltage correspond-
ing to 45 kev over a range of pressure, resulting in the calibration curve
shown in Fig. 24. (This curve could also have been obtained by measuring
the area under the curve of Fig. 23 above 45 kev.} Figure 24 shows that
counting rate increases linearly with density, except at high densities.

The deviation is probably caused by beam spreading, which was so severe
at these densities that part of the beam may have been outside the de-
tector field of view. The counting rates obtained agreed with the predic-
tion of Eq. (2) within the accuracy with which the geometry was known.

$.2 MEASUREMENTS IN THE LOW DENSITY WIND TUNNEL

A density measuring apparatus was then fabricated and installed in a
low density, arc-heated wind tunnel. This tunnel consists of an 18-in.
exit diameter conical nozzle with a 0. 200-in. -diam throat, a free jet test
section and a diffuser, all enclosed by a 6-ft-diam plenum chamber. It
is powered by a 1/4-Mw arc heater, and the diffuser is pumped by a six-
stage steam ejector. Air is used as the test fluid. Figure 25 is a drawing
showing the major components of the tunnel. The tunnel is well suited to
the use of this measurement technique, because ample room is available

8 Available from Atchison Colloids Company, Port Huron, Michigan.
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for the installation of a large collector and because the plenum walls
are more than twice as far from the point of measurement as were the
walls of the tank previously used.

The entire equipment was mounted on a yoke which was attached to
the tunnel pitot probe mechanism so that the measurement could be
made at any point in a vertical plane through the axis of the flow. The
installation is shown in Figs. 26 and 27. The electron gun used was
that shown in Fig. 13. The collector was 9.0 in. in diameter by 24. 0in,
long, with an entrance hole 4.0 in. in diameter. The detector and col-
limator were mounted at the top of the yoke, and the preamplifier was
enclosed within a pressure-tight box through which cooling air was
passed. Both front and rear slits were used in the collimator, which
viewed a 1. 0-cm length of the beam. No black body was used opposite
the detector, and only the interior of the collector was coated with
Aquadag. The distance from the electron gun orifice to the collector
entrance was 20 in., and the distance from the beam to the collimator
entrance was 19 in.

An improved preamplifier and a detector with a wider depletion
layer were used in these tests, and the cable between the detector and
preamplifier was shortened. These changes resulted in a considerable
reduction in the preamplifier noise.

A number of differential spectra were taken at plenum pressures
from 10 to 100 i (without flow), of which Fig. 28 is typical. This
spectrum was taken at 10 4 using a 48-kev, 100-ua beam. The peak at
the beam energy is well defined and is of the proper shape. The count-
ing rate in the valley is nearly an order of magnitude below the peak
counting rate, although it is not as low as it would be if no stray elec-
trons were present. The improvement in the shape of the spectrum is
caused in part by the reduced preamplifier noise and in part to the re-
duction in the number of stray electrons. The calibration curve shown
in Fig. 29 was made in the integral mode, using a baseline voltage of
26 v. The box around each data point denotes an estimate of the maxi-
mum possible error in the measurement, taking intc account errors in
pressure measurement, voltage and current measurements, and
statistical counting errors.

The counting rates indicated in Fig. 29 are close to (61 percent of)
the rates predicted by Eq. (9). Furthermore, the great majority of the
electrons enter the detector with the beam energy (Fig. 28). These
two observations are deemed to be sufficient evidence for accepting
Rutherford scattering as the process responsible for the scattered elec-
trons. The discrepancy between predicted and measured counting rates

20



AEDC-TR-66-212

is not surprising since the geometry (slit widths, etc.} is not accurately
known. It is also possible that the calibration was performed in gas con-
taining a large percentage of water vapor, perhaps caused by back-
streaming from the steam ejector, (which might occur without flow).

The cross section of water vapor is 60 percent of the cross section of
air.

The apparatus was also used to measure the density profile in the
tunnel. This werk is described in Section VIII.

The most significant outcome of this work (aside from the agree-
ment with Rutherford theory which was demonstrated) was the realiza-
tion of the importance of thoroughly absorbing the beam at the collector.
Although there seems to be a very small probability that a given elec-
tron will escape from the collector and will enter the detector after
several bounces from metal surfaces, the probability that a given elec-
tron will collide with a nucleus in the gas and be scattered into the
detector is also very small (e.g., 350 in 6 x 1014 at 104). I many
applications, these stray electrons will probably determine the ultimate
accuracy which can be achieved with the technigue.

SECTION VI
SPATIAL RESOLUTION AND ACCURACY

In this section, the factors which affect spatial resolution and
accuracy will be discussed. The measurement is made in a volume
defined by the cross-sectional area of the beam and the field of view of
the detector. The spatial resolution is thus influenced by spreading of
the electron beam and by the design of the collimator, Errors in meas-
ured density originate from at least three sources. Most basic is the
statistical error due to the random nature of the scattering process.
Then, there are errors imposed by the limitations of the equipment
used, such as errors in voltage and current measurements and errors
caused by electronic noise in the preamplifier. Finally, there are
errors caused by defects in the scattering process itself, primarily be-
cause of the stray electrons. <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>